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Abstract 

Background: Various neuropsychiatric conditions, including posttraumatic stress disorder (PTSD), are characterized 
by deficient fear extinction, but individuals differ greatly in risk for these. While there is growing evidence that fear 
extinction is influenced by certain procedural variables, it is unclear how these influences might vary across individuals 
and subpopulations. To model individual differences in fear extinction, prior studies identified a strain of inbred mouse, 
129S1/SvlmJ (SI), which exhibits a profound deficit in fear extinction, as compared to other inbred strains, such as 
C57BL/6J (B6). 

Methods: Here, we assessed the effects of procedural variables on the impaired extinction phenotype of the SI strain 
and, by comparison, the extinction-intact B6 strain. The variables studied were 1 ) the interval between conditioning 
and extinction, 2) the interval between cues during extinction training, 3) single-cue exposure before extinction 
training, and 4) extinction of a second-order conditioned cue. 

Results: Conducting extinction training soon after ('immediately') conditioning attenuated fear retrieval in S1 mice 
and impaired extinction in B6 mice. Spacing cue presentations with long inter-trial intervals during extinction training 
augmented fear in S1 and B6 mice. The effect of spacing was lost with one-trial fear conditioning in B6, but not S1 
mice. A single exposure to a conditioned cue before extinction training did not alter extinction retrieval, either in B6 
or SI mice. Both the S1 and B6 strains exhibited robust second-order fear conditioning, in which a cue associated with 
footshock was sufficient to serve as a conditioned exciter to condition a fear association to a second cue. B6 mice 
extinguished the fear response to the second-order conditioned cue, but SI mice failed to do so. 

Conclusions: These data provide further evidence that fear extinction is strongly influenced by multiple procedural 
variables and is so in a highly strain-dependent manner. This suggests that the efficacy of extinction-based behavioral 
interventions, such as exposure therapy, for trauma-related anxiety disorders will be determined by the procedural 
parameters employed and the degree to which the patient can extinguish. 
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Background 

Fear extinction is a form of learning in which a conditioned 
fear response is reduced by repeated exposure to the con- 
ditioned stimulus (CS) in the absence of the unconditioned 
stimulus (US) [1]. Various neuropsychiatric conditions, 
including posttraumatic stress disorder (PTSD) [2] and 
schizophrenia [3], are characterized by deficient fear ex- 
tinction. Measuring fear extinction in rodents has emerged 
as a valuable translational assay for studying both the 
neural basis of poor extinction [4,5], and identifying novel 
therapeutic approaches that facilitate extinction [6-8]. 

Individuals differ greatly in risk for anxiety disorders, 
including PTSD, in part likely due to the moderating 
influence of genetic factors [9,10]. With this in mind, re- 
cent studies have sought to identify neural mechanisms 
underlying differences in fear and extinction behaviors 
between subgroups selected from larger populations 
[11-13], or identify inbred (isogenic) rodent strains that 
show reliable trait differences in fear extinction [14]. In 
this context, we recently identified an inbred strain of 
mouse, 129Sl/SvImJ (SI), that exhibits a profound def- 
icit in fear extinction, as compared to a reference inbred 
strain, C57BL/6J (B6) [15-19]. 

Supporting the validity of the SI inbred mouse strain as 
a model for the impairment of extinction seen in anxiety 
disorders, the phenotypic abnormalities in these mice 
extend to a range of behavioral, autonomic and neuroen- 
docrine disturbances, some of which are characteristic of 
anxiety disorders including PTSD [18]. Moreover, deficient 
extinction in these mice can be rescued by chronic treat- 
ment with fluoxetine [18], a medication for PTSD and 
other anxiety disorders, and also by various putative novel 
therapeutics, including an endocannabinoid-boosting drug 
[20], histone deacetylase inhibition, and deep brain stimu- 
lation [19]. At the neural level, impaired extinction in SI 
mice is associated with dendritic hypertrophy in baso- 
lateral amygdala (BLA) neurons and a failure to properly 
recruit corticoamygdala regions mediating extinction 
[15,17,18]. Importantly, this circuitry can be effectively 
re-engaged by manipulations that normalize fear extinc- 
tion in parallel (e.g., dietary zinc restriction) [17]. Taken 
together, these previous findings suggests that the SI 
mouse strain may be a tractable model for studying of the 
underlying neurobiology and genetics of extinction, and 
also as a screen for identifying novel interventions that 
rescue impairments in fear extinction. 

There is growing evidence that the efficacy of fear 
extinction is strongly influenced by the interval between 
extinction training and the conditioning event and the 
order and timing of cue presentations during extinction 
training [21,22]. Such procedural variables could po- 
tentially be important considerations when applying 
extinction-based procedures to clinical settings, in the 
form of exposure therapy. However, the influence of 



these variables has not been well studied in the models 
of impaired extinction despite the fact that the clinical 
application of exposure therapy typically occurs in 
extinction impaired patient populations. Therefore, the 
main aim of the current study was to assess the effects 
of certain procedural variables on the impaired extinc- 
tion phenotype of the SI mouse strain and, by compari- 
son, the good extinguishing B6 mouse strain. The 
specific variables we studied were 1) the interval be- 
tween conditioning and extinction [23-25], 2) the inter- 
val between cues during extinction training [26-28], 3) 
single-cue exposure before extinction training [29-32], 
and 4) extinction of a second-order conditioned cue 
[33,34]. 

Methods 

Subjects 

Subjects were male SI and B6 mice obtained at ~8- 
9 weeks of age from The Jackson Laboratory (Bar Harbor, 
ME) (for experiments at NIAAA) or Charles River 
(Sulzfeld, Germany) (for experiments at University of 
Innsbruck). Mice were housed 2-4 per cage in a tem- 
perature (~22°C) and humidity (NIAAA = 45 ± 15%, Uni- 
versity of Innsbruck = 50-60%) controlled vivarium under 
a 12 hour light/dark cycle (NIAAA = lights on 0600 h, 
University of Innsbruck = lights on 0700 h). The number 
of mice used in each experiment is given in the figure leg- 
ends. Experiments were conducted at the NIAAA with 
the exception of the second-order conditioning experiment, 
which was conducted at the University of Innsbruck. All 
procedures were approved by the NIAAA Animal Care and 
Use Committee or the Austrian Animal Experimentation 
Ethics Board (Bundesministerium fur Wissenschaft und 
Verkehr, Kommission fur Tierversuchsangelegenheiten), 
and followed the NIH guidelines outlined in Using Animals 
in Intramural Research.' 

General procedures for fear conditioning and extinction 

Unless specified differently below, testing consisted of 3 
phases: conditioning, extinction training and extinction 
retrieval. Freezing (no visible movement except that re- 
quired for breathing) was manually scored every 5 seconds 
as an index of fear [35], and converted to a percentage 
[(number of freezing observations/total number of obser- 
vations) x 100]. 

Conditioning was conducted in Context A: 27 x 27 x 
11 cm (NIAAA) or 25 x 25 x 35 cm (University of Inns- 
bruck) chamber with transparent walls and a metal rod 
floor, cleaned with a 79.5% water/19.5% ethanol/1% 
vanilla-extract solution (NIAAA) or water (University of 
Innsbruck). After a 180-seconds (NIAAA) or 120-second 
(University of Innsbruck) baseline period, mice received 
3 x pairing(s) of a 30-second, 75-80 dB, white noise 
(NIAAA) or 75 dB 10 kHz pure tone (used as CS1 in 
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second-order conditioning experiments at the University 
of Innsbruck) conditioned stimulus (CS) and 2 sec, 
0.6 mA scrambled footshock [unconditioned stimulus 
(US)], in which the US was presented during the last 
2 seconds of the CS and the inter-trial-interval (ITI) was 
variable. There was a 120-second no-stimulus period 
after the final pairing before mice were returned to the 
home cage. 

Extinction training was conducted the day after con- 
ditioning, in Context B. At NIAAA, this was a 20 cm- 
diameter Plexiglas cylinder with black/white-checkered 
walls, solid-Plexiglas opaque floor, cleaned with a 99% 
water/ 1% acetic acid solution, located in a different 
room from Context A. At the University of Innsbruck, 
Context B was a 25 x 25 x 35 cm cage with a solid grey 
floor and black walls, cleaned with 100% ethanol. CS 
presentations began after a 180-second (NIAAA) or 120- 
second (University of Innsbruck) baseline period. Extinc- 
tion training data were calculated in 5 x CS trial-blocks. 
Data were analyzed using the first and last extinction 
trial-blocks in order to allow for consistent comparison 
across experiments because fewer than 50 CS presenta- 
tions were given during extinction training in some 
experiments (i.e., 10 x CS massed and 10 x CS spaced 
presentations in the massed vs. spaced experiment). 

The following day, extinction retrieval was tested in 
Context B. After a 180-second baseline period, mice re- 
ceived 3 x 30-second non-reinforced CS presentations 
(5 second inter-stimulus interval). Stimulus presentation 
was controlled by the Med Associates VideoFreeze 
system (Med Associates, Burlington, VT, USA) (NIAAA) 
or a TSE operant system (TSE, Bad Homburg, Germany) 
(University of Innsbruck). 

Effects of varying the interval between conditioning and 
extinction training 

The general procedures for conditioning, extinction train- 
ing and extinction retrieval were as described above, with 
the exception that at the time of extinction training, one 
group had been fear conditioned 24 hour earlier (= 'de- 
layed'), whereas another group had completed condi- 
tioning 10 minutes earlier (= 'immediate'), as previously 
described [23,25]. For a schematic of the experimental 
design, see Figure 1A. 

Effects of varying the interval between cues during 
extinction training 

The general procedures for conditioning, extinction train- 
ing and extinction retrieval were as described above, with 
the exception that during extinction training, one group re- 
ceived 10 x CS presentations each separated by 20 minutes 
(= 'spaced'), whereas the other groups received either 10 x 
CS (= TO-trial massed') or 50 x CS presentations (= '50-trial 
massed') separated by 5 seconds, as previously described 
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Figure 1 Effects of immediate extinction training. (A) Mice 
received extinction training 10 minutes (immediate) or 1 day 
(delayed) after fear conditioning. All mice then received equivalent 
extinction training and retrieval testing. (B) In S1 mice, freezing was 
significantly lower in the immediate than the delayed group during 
the first extinction trial-block, and then increased across trial-blocks 
in the immediate but not delayed group. Freezing was similar 
between groups during extinction retrieval and neither group 
showed a decrease in freezing on retrieval as compared to the first 
extinction trial-block (n= 13-19). (C) In B6 mice, freezing significantly 
decreased across extinction trial-blocks in the delayed but only 
showed a non-significant trend for a decrease in the immediate 
group. Freezing was significantly higher in the immediate than 
delayed group during extinction retrieval, although both groups 
froze less on retrieval than the first trial-block of extinction training 
(n = 1 0). Data are means ± SEM. #P < .05 last (Lst) vs. first (Fst) 
conditioning trial, tP< .05 Lst extinction trial-block or retrieval vs. Fst 
extinction trial-block, *P< .05 vs. immediate group at same point 
in testing. 



MacPherson et al. Biology of Mood & Anxiety Disorders 201 3, 3:1 3 
http://www.biolmoodanxietydisord.eom/content/3/1/13 



Page 4 of 1 1 



[26,27]. The massed group was exposed to the extinction 
training context for the equivalent duration as the spaced 
group (3 hours, 8 minutes, 30 seconds) to control for con- 
text exposure. An additional group of fear 'retention con- 
trols' received fear conditioning and no extinction training 
and were tested for fear on the extinction retrieval test for a 
comparison with the other groups. For a schematic of the 
experimental design, see Figure 2A. 

Effects of a single-CS exposure prior to extinction training 

The general procedures for conditioning and extinction 
training were the same as above with the exception that 
1 hour prior to extinction training, one group received a 
single (30-second) CS after a 3-minute acclimation 
period (= '1 x CS'), whereas another group was exposed 
to the context for the equivalent duration but received 
no CS presentation (= '0 x CS'). The 1 x CS group re- 
ceived 49 instead of 50 x CS presentations during ex- 
tinction training to equate total CS presentations with 
the 0 x CS group. All phases of testing, including CS- 
pre-exposure, were conducted in Context A (i.e., the 
conditioning context) for consistency with previous CS- 
pre-exposure studies [29]. The day after extinction train- 
ing, fear was reinstated via exposure to unsignaled 
footshock. After a 180-second baseline period, mice re- 
ceived 5 x USs (0.6 mA) over a 9.5 minute period (ITI = 
6-150 seconds) and returned to the home cage 180 sec- 
onds after the final US. A fear probe test was conducted 
the following day via the typical extinction retrieval pro- 
cedure. For a schematic of the experimental design, see 
Figure 3A. 

Extinction of a second-order conditioned cue 

The general procedures for conditioning, extinction 
training and extinction retrieval were as described above, 
with the following exceptions. One day after fear condi- 
tioning to a pure tone CS (CS1), one group received a 
second-order conditioning session in which a 75 dB 
white noise CS (CS2) was presented 5 x immediately 
prior to presentation of CS1 (without any concomitant 
US) (= 'CS2xCSl'). Another group received 5 x CS2 
presentations in the absence of CS1 during this phase 
(= 'CS-only'). The following day, after a 120-second 
baseline, mice were given extinction training involving 
16 x CS2 presentations. Fear to the CS2 was tested the 
following day via 2 x CS2 presentations. For a schematic 
of the experimental design, see Figure 4A. 

Statistical analysis 

Data were analyzed using analysis of variance (ANOVA) 
with repeated measures for conditioning trial and extinc- 
tion trial-block, followed by Newman Keuls post hoc 
tests where appropriate, or by paired t-tests. The thresh- 
old for statistical significance was P < .05. 



Results and discussion 

A short conditioning-extinction training interval reduces 
fear in S1 and impairs extinction in B6 mice 

Previous work in rats has shown that reducing the typical 
one day interval between conditioning and extinction to 
less than one hour alters the efficacy of extinction training, 
as measured by fear levels during an extinction retrieval 
test. Some studies report a facilitatory effect of 'immediate' 
extinction [24], while others have observed impaired 
extinction [23,25,36]. We tested immediate extinction in 
the extinction impaired SI and extinction intact B6 mouse 
strains using a 10 minute conditioning-extinction interval. 

Results for SI mice are shown in Figure IB. Freezing 
was negligible at baseline and significantly increased 
across conditioning trials regardless of group assignment 
(Fl,30 = 219.27, P< .01). During extinction training, base- 
line freezing trended higher (but not significantly) in the 
immediate group (as previously reported in rats, [23]), and 
was significantly lower during the first trial-block in the 
immediate than the delayed group, and then significantly 
increased across trial-blocks in the immediate but not 
delayed group (trial x group interaction: Fl,30= 14.13, 
P<.01, followed by post hoc tests). On the retrieval test, 
freezing was low at baseline and freezing to the CS was 
similar between the groups. In addition, in neither group 
was the level of freezing on retrieval different from that 
during the first-trial block of extinction training (i.e., prior 
to training). 

Results for B6 mice are shown in Figure 1C. Freezing 
was negligible at baseline and significantly increased 
across conditioning trials regardless of group assignment 
(Fl,18 = 277.44, P < .01). During extinction training, base- 
line freezing was not significantly higher in the immediate 
group. Freezing during the first trial-block was equivalent 
between groups and significandy decreased across trial- 
blocks during extinction training in the delayed but not 
immediate group, although there was a non-significant 
trend in the same direction in the immediate group 
(trial x group interaction: Fl,18 = 8.59, P < .01, followed 
by post hoc tests). Moreover, on the extinction retrieval 
test freezing was similar between groups at baseline but 
significantly higher in the immediate than delayed 
group (t(18) = 2.26, 7 > <.05). Both groups showed less 
freezing on retrieval relative to the first trial-block of 
extinction training (immediate: t(9) = 4.93, P < .01, de- 
layed: (t(9) = 5.10,i 3 <.01). 

Taken together, these results provide a number of con- 
firmatory and novel findings. First, under the typically 
employed testing procedure, in which there is a delay of 
one day between conditioning, SI mice exhibited se- 
verely impaired extinction learning and retrieval. This is 
consistent with previous studies demonstrating an ex- 
tinction deficient phenotype in this mouse strain, as 
compared to the B6 strain [15-19]. Prior work has also 
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Figure 2 Effects of spaced-CS extinction training. (A) One day 

after conditioning, mice received 10-trial spaced (20 minute interval), 
10-trial massed (5 second interval) or 50-trial massed extinction 
training. (B) In S1 mice, freezing significantly increased across 
extinction trial-blocks in the spaced group but did not change in 
the massed groups, such that freezing was significantly higher in the 
spaced group than the massed groups by the last trial-block. During 
extinction retrieval, freezing was significantly higher in the spaced 
group than the massed groups, but was not different from freezing 
in non-extinguished retention controls. The spaced group showed a 
significant increase in freezing on extinction retrieval relative to the 
first-trial block of extinction training (n = 8-26). (C) In B6 mice, 
freezing significantly decreased over extinction trial-blocks in the 
massed groups, but significantly increased in the spaced group, with 
higher freezing in the spaced group than in the massed groups by 
the final trial-block. On extinction retrieval, freezing was higher in 
the spaced group than the massed groups but no different from 
retention controls, and the massed groups had lower freezing than 
retention controls. The massed, but not spaced, groups showed 
significantly less freezing on retrieval than the first extinction training 
trial-block (n = 8-26). #P < .05 last (Lst) vs. first (Fst) conditioning trial, 
tP< .05 Lst extinction trial-block or retrieval vs. Fst extinction 
trial-block, *P< .05 vs. 10-trial massed group at same point in 
testing, tP< .05 vs. retention controls. 



shown that this impairment is not an unalterable feature 
of these mice, but can be rescued by manipulations ran- 
ging from antidepressant drug treatment to deep brain 
simulation [17-19]. However, while studies in rats have 
found that conducting extinction training soon after 
conditioning can facilitate extinction [24], the current 
data found no evidence of a facilitatory effect of 'imme- 
diate' extinction in the SI model. On the contrary, im- 
mediate extinction resulted in an extinction impairment 
in B6 mice, a finding in line with previous findings in 
rats [23,25,36]. 

Though immediate extinction did not affect extinction 
in SI mice, initial fear levels prior to extinction training 
were reduced by this procedural manipulation. This 
could be indicative of a retardation in fear memory con- 
solidation in the strain, such that one hour after condi- 
tioning, the memory cannot be fully retrieved. The 
underlying causes of this deficit are unclear, but could 
relate to abnormalities in molecular mechanisms under- 
lying the early, protein and RNA synthesis-independent, 
phase of fear memory formation [37]. This raises inter- 
esting questions for future studies on the SI strain. 

Spacing extinction cues increases fear in SI mice and 
impairs extinction in B6 mice 

Conditioned fear responses can be increased by inter- 
posing 1-2 month intervals between conditioning and 
test [38]. In addition, introducing long (20-minute) in- 
tervals between CS presentations during extinction 
training has been found to impair extinction in the B6 
mouse strain [26,27] (c.f. facilitating effect of varying in- 
tervals [28]). We tested the effects of long (20-minute) 
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Figure 3 Effects of single-CS exposure prior to extinction 
training. (A) One day after conditioning, mice received either one 
CS presentation or no CS/context only 1 hour prior to extinction 
training. All mice then received equivalent extinction training. One 
day later, mice received unsignaled US presentations, and we then 
tested for fear the following day. (B) S1 mice significantly increased 
freezing across conditioning trials. During CS pre-exposure, freezing 
was higher during the 1xCS presentation than the no CS condition. 
Freezing did not change during across extinction trial-blocks 
regardless of CS pre-exposure. Freezing was also no different 
between groups during the post-reinstatement test (n = 10). (C) In 
B6 mice, freezing significantly increased across conditioning trials. 
During CS pre-exposure, freezing was higher to the CS presentation 
relative to the no CS condition. Freezing significantly decreased 
across extinction trial-blocks regardless of CS pre-exposure. Freezing 
did not differ between groups during the post-reinstatement test 
(n = 10). Data are means ±SEM. #P< .05 Lst vs. Fst conditioning 
trial, *P< .05 CS vs. no CS at same point in testing. 



cue spacing on extinction in SI, and for comparison 
with previous data, the B6 strain. 

Results for SI mice are shown in Figure 2B. Freezing 
significantly increased over conditioning trials (Fl,39 = 
120.10, P < .01) irrespective of group assignment. During 
extinction training, the spaced group significantly in- 
creased freezing over trial-blocks, whereas there was no 
significant change in the massed groups (trial-block x 
group interaction: F2,39 = 6.69, P < .01, followed by post 
hoc tests). The spaced group had significantly higher 
freezing than the massed group by the last trial-block. 
On the extinction retrieval test, the spaced group 
showed higher freezing than the massed group, but not 
fear retention controls that received no extinction train- 
ing (F3,50 = 7.56, P<.01, followed by post hoc tests). 
Comparison of freezing during retrieval with the first- 
trial block of extinction training indicated significantly 
higher freezing across the test phases in the spaced 
group (t(7) = 3.20, P < .05), but neither massed groups. 
There was minimal baseline freezing across testing 
phases (Table 1). 

Results for B6 mice are shown in Figure 2C. Freezing 
significantly increased across conditioning trials regard- 
less of group assignment (Fl,44 = 171.46, P < .01). Dur- 
ing extinction training, freezing significantly decreased 
over trial-blocks in both massed groups, but significantly 
increased in the spaced group, such that freezing was 
significantly higher in the spaced group than the massed 
groups by the final trial-block (group x trial interaction: 
F2,44 = 31.60, P< .01, followed by post hoc tests). Group 
differences carried over to the extinction retrieval test, 
where the spaced group froze significantly more than 
the 10-trial and 50-trial massed groups, but not more 
than retention controls (F3,56 = 14.76, P < .01, followed 
by post hoc tests). Finally, the 10-trial massed (t(7) = 
6.14, P < .01), 50-trial massed (t(25) = 5.71, P < .01), but 
not the spaced, group showed significantly lesser freez- 
ing during extinction retrieval than the first trial-block 
of extinction training. There was minimal baseline freez- 
ing on any testing phase (Table 1). 

Consistent with previous findings [26,27], 10 x 'spacing' 
cue presentation during extinction training augmented 
fear over training trials in SI and B6 mice. Freezing was 
also elevated during extinction retrieval after spaced train- 
ing relative to mice that had received either 10 or 50 
massed extinction trials, but not relative to mice that had 
received no extinction training at all. In B6 mice, these 
group differences on retrieval reflect impaired extinction 
after spaced training (contrasted with the intact extinction 
after massing), but not a long-term increase in fear over 
levels seen with no extinction at all. The retrieval differ- 
ences in SI mice reflect a similar pattern of impaired 
extinction, but no long-term fear increases. However, an 
interesting footnote to these data was the finding that SI 
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Figure 4 Extinction of a second-order conditioned cue. (A) All 

mice first received CSIxUS fear conditioning, 1 day prior to exposure 
to either CS2 paired with CS1 or CS2 exposure alone. All mice then 
received equivalent extinction training and retrieval testing. (B). SI 
mice significantly increased freezing across CSIxUS pairings during 
conditioning. Freezing significantly increased across CS2 trials when 
the CS2 was paired with the CS1 and not when presented alone. 
Freezing to the CS2 did not change across extinction trial-blocks in 
either group and was significantly higher in the CS2-CS1 paired 
group than the CS2 only group during extinction retrieval (n = 5-1 0). 
(C). B6 mice significantly increased freezing across CSIxUS pairings 
during conditioning. Freezing significantly increased across CS2 trials 
when the CS2 was paired with the CS1 and not when presented 
alone. Freezing to the CS2 significantly decreased across extinction 
trial-blocks in the CS2-CS1 paired group. Freezing was significantly 
higher in the CS2-CS1 paired group than the CS2 only group during 
extinction retrieval, but was lower relative to the first trial-block of 
extinction training (n = 5-10). #P< .05 last (Lst) vs. first (Fst) 
conditioning trial, tP< .05 Lst vs. Fst trial-block during 2nd order 
conditioning or extinction, *P< .05 vs. CS2-only at same point 
in testing. 



mice given 50 massed extinction trials showed lower freez- 
ing on retrieval than non-extinguished controls, which 
either suggests some, albeit marginal, extinction in this 
strain, or an augmentation of fear in the interval between 
conditioning and retrieval of the kind seen with much lon- 
ger intervals in rats [38] . 

It should be noted that the design of these experi- 
ments does not exclude the possibility that increased 
freezing at the end of the long extinction training session 
(> 3 hours) was an artifact of very low levels of explor- 
ation, and even sleeping, erroneously detected as freez- 
ing. While low exploration could not explain the 
heightened levels of freezing on the extinction retrieval 
test, which was the equivalent length in the spaced and 
massed groups, it is possible that the long spaced train- 
ing procedure impaired retrieval due to a lack of atten- 
tion to the later cue presentations during extinction 
training. To address this caveat, we repeated the spacing 
procedure in another cohort of B6 mice that was condi- 
tioned with a single CS-US pairing. The rationale for 
this experiment is based on the theory that while a 
stronger conditioned fear response should be more 
prone to spacing-induced fear increases, weaker condi- 
tioning should be less prone [39]. 

The results of this experiment showed that B6 mice 
given either 10 spaced or 10 massed extinction trials 
showed equivalent freezing on conditioning (trial 1 
spaced = 3.3 ± 2.4, trial 1 massed = 6.7 ± 4.2, n = 6-12), 
extinction training (first trial-block spaced = 50.0 ± 5.0%, 
first trial-block massed = 52.8 ± 10.0, last trial-block 
spaced = 27.8 ± 8.8, last massed = 16.8 ± 7.5, effect of 
trial-block: Fl,16 = 16.50, P<.01) and extinction retrieval 
(spaced = 27.3 ± 5.8, massed = 43.6 ± 6.0). There was min- 
imal baseline freezing across testing phases (Table 1). 
Thus, B6 mice showed intact fear extinction and no fear 
increases with spaced training after one-trial conditioning. 
We repeated the same procedure in SI mice. Here, freez- 
ing on conditioning (trial 1 spaced = 1.3 ± 1.3, trial 1 
massed = 0.0 ± 0.0, n = 6-16) was no different between 
groups, but the spaced, and not massed, group showed 
increased freezing across extinction trial-blocks during 
extinction training (first trial-block spaced = 46.8 ± 
3.8%, first trial-block massed = 36.0 ± 6.7, last trial-block 
spaced = 69.8 ± 10.0, last massed = 36.0 ± 11.7, effect of 
spacing: Fl,20 = 6.03, P<.05). Freezing on retrieval 
was not different between groups (spaced = 48.7 ± 4.4, 
massed = 44.4 ±5.9). Again, there was minimal baseline 
freezing across testing phases (Table 1). These data 
indicate that, in contrast to B6 mice, fear increases with 
spacing in the SI strain occurs even after one-trial 
conditioning. 

These data make three important points. First, they 
discount the possibility that increased freezing in the 
spaced group after 3 x CS-US conditioning is an artifact 
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Table 1 Levels of baseline (pre-CS) percent freezing across testing phases 



SI 



B6 



Varying conditioning-extinction training interval 

Cond Extinction 

Immediate 0.0 ±0.0 15.1 ±22.0 

Delayed 0.0 ±0.0 6.4 ±10.3 

Varying interval between extinction cues (3-shock cond) 

Cond Extinction 
Spaced 0.0 ±0.0 0.7 ±1.3 

10-trial massed 0.0 ±0.0 4.6 ±3.2 

50-trial massed 0.0 ±0.0 1.7 ±2.5 

Varying interval between extinction cues (1-shock cond) 

Cond Extinction 
Spaced 0.0 ±0.0 1.2 ±2.9 

Massed 0.0 ±0.0 0.5 ±1.2 

Single-CS exposure prior to extinction training 

Cond Extinction 
CS 0.0 ±0.0 9.2 ±9.1 

NoCS 0.0 ±0.0 19.4 ±18.2 

Extinction of a second-order conditioned cue 

Cond Extinction 
CS2 x CS1 0.4 ±0.7 0.0 ±0.0 

CS2 only 0.4 ±0.9 0.0 ±0.0 



Retrieval 
10.2 ±15.7 
10.9 ±13.5 

Retrieval 
2.1 ±2.0 
2.6 ±1.9 
3.5 ±3.6 

Retrieval 
3.0 ±3.6 
2.0 ±2.4 

Test 
29.4 ±18.9 
35.6 ±19.9 

Retrieval 
0.0 ±0.0 
0.0 ±0.0 



Cond 
0.0 ±0.0 
0.0 ±0.0 

Cond 
0.2 ±0.8 
0.4 ±1.1 
0.0 ±0.0 

Cond 
0.0 ±0.0 
0.0 ±0.0 

Cond 
0.0 ±0.0 
0.0 ±0.0 

2nd Cond 
0.1 ±0.4 
0.0 ±0.0 



Extinction 
16.1 ±23.3 
2.8 ±3.9 

Extinction 
4.7 ±3.5 
5.7 ±3.6 
2.4 ±2.3 

Extinction 

2.3 ±3.3 

4.4 ±3.0 

Extinction 
11.1 ±17.5 
5.6 ±13.9 

Extinction 
0.0 ±0.0 
0.0 ±0.0 



Retrieva 
5.0 ±3.1 
2.2 ±3.2 

Retrieval 
3.0 ±2.6 
3.2 ±3.8 
1.7 ±2.5 

Retrieval 
3.0 ±2.6 
1.2 ±3.2 

Test 
33.9 ±22.9 
18.6 ±16.9 

Retrieval 
0.0 ±0.0 
0.0 ±0.0 



of low exploration because the extinction training ses- 
sion duration is the same after 1 x CS-US experiment, 
and no increase in freezing is evident with this proced- 
ure. Second, and by extension, these data demonstrate 
that increased fear with spaced extinction training is de- 
termined in part by the intensity of the initial condition- 
ing. This is consistent with the notion that the outcome 
of extinction training will be dependent upon the 
strength of the excitatory fear memory [40], and also 
agrees with the predictions of certain conceptual models 
of excessive fear in humans [39]. Third, the finding that 
SI mice showed elevated fear even with one-trial condi- 
tioning suggests extinction-impaired populations may be 
more liable to this effect. This is consistent with the re- 
cent finding that extinction-impaired CB1 knockout 
mice displayed fear augmentation with massed training 
after being conditioned to a high intensity (0.8 mA) US, 
but not standard (0.6 mA) US [41]. 

The precise nature of the fear increases seen with spa- 
cing is unclear. Some authors have proposed that under 
some circumstances, the conditioned fear response to 
the CS can itself serve as a reinforcer to maintain fear 
and counter the effects of the CS-no-US association 
formed during extinction [39]. Alternatively, Cain and 
colleagues have suggested that spacing the presentation 
of CSs could promote fear by favoring the rehearsal of 



the original CS-US association with each presentation 
[26]. In a similar vein, it has been shown that there is 
more fear reconsolidation when conditioned fear stimuli 
are more widely spaced [42]. Our finding that spacing- 
induced fear increases, at least in B6 mice, was 
dependent upon the strength of conditioning would gen- 
erally concur with these latter interpretations, assuming 
that stronger fear favored rehearsal/ reconsolidation over 
weaker conditioning. Aside from these interpretative 
questions, to our knowledge there is still no clear evi- 
dence of fear elevations with spaced extinction training 
in humans, and until such evidence is obtained, the rele- 
vance of these data in mice to clinical contexts should 
be viewed with caution. 

A single pre-extinction cue presentation is insufficient to 
prevent fear reinstatement 

Presenting a conditioned cue one hour prior to extinc- 
tion training has been found to facilitate extinction 
memory formation in humans [30,43], rats [29] (but see, 
[31]) and the B6 mouse strain [32,44], possibly by reacti- 
vating the fear memory to render it more labile and 
thereby sensitive to extinction training. Here we tested 
whether impaired extinction in the SI strain could be 
rescued by pre-extinction cue exposure. B6 mice were 
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also tested to ascertain the efficacy of this manipulation 
in a reference population. 

Results for SI mice are shown in Figure 3B. Freezing 
was negligible at baseline and significantly increased in 
freezing across conditioning trials regardless of group as- 
signment (Fl,18 = 59.64, P < .01). Baseline freezing prior 
to single CS presentation was slightly but not signifi- 
cantly elevated in the no CS group (Table 1). Cue pres- 
entation prior to extinction training elicited significant 
freezing, as compared to no-CS/context only exposure 
(t(18) = 2.70, P < .05). During extinction training, freezing 
did not significantly differ across trial-blocks, regardless 
of pre-training CS presentation. Following US-reinstate- 
ment, freezing was similar between groups during base- 
line, as well as during CS presentation, on the fear probe 
test. It was notable that baseline freezing on the fear 
probe test was higher than in other experiments 
(Table 1), reflecting contextual fear acquired during 
reinstatement (conducted in the same context). Strong 
contextual fear could potentially have affected (e.g., summed 
with) fear to the CS during the fear probe test and mitigated 
possibly fear-reducing effect of the pre-extinction CS 
exposure. This issue could be explored further by using a 
design involving multiple contexts. 

Results for B6 mice are shown in Figure 3C. Freezing 
was negligible at baseline and significantly increased 
across conditioning trials irrespective of group assign- 
ment (Fl, 18 = 81.12, P<.01). Baseline freezing prior to 
the single CS trended higher in the CS group (Table 1). 
Freezing was elicited by CS presentation, and signifi- 
cantly more than no-CS/context only exposure (t(18) = 
10.30, P < .01). Both the CS and no-CS groups showed a 
significant, and equivalent, decrease in freezing across 
extinction trial-blocks (Fl, 18 = 63.59, P<M). Finally, 
freezing on the fear probe test after US -induced re- 
instatement was not different between the CS and no CS 
groups. As in SI mice, baseline freezing was relatively 
high on this test and slightly higher in the CS than US 
group. 

In contrast to recent findings in humans, rats and B6 
mice [29,30,32,43,44] we did not find that exposure to 
the CS before extinction training facilitated extinction 
memory formation, either in B6 or SI mice. One reason 
for this apparent discrepancy may be that we tested for 
extinction facilitation after unsignaled-US reinstatement, 
which is a strong fear-promoting procedure relative to 
other probes for facilitation such as spontaneous recov- 
ery and context-driven renewal. In other words, an ex- 
tinction facilitation effect of CS presentation may have 
been overcome by such strong fear reinstatement. On 
the other hand, Monfils and colleagues were able to see 
a significant effect of pre-extinction CS presentation, in 
rats, under conditions of reinstatement [29]. Thus, there 
appear to be additional factors involved in determining 



the effects of CS presentation. Indeed, this is borne by a 
recent study in rats which found that pre-extinction CS 
exposure can actually increase fear following reinstate- 
ment (or renewal) [31]. Clearly, further studies will be 
necessary to elucidate the critical variables modulating 
this effect (for further discussion, see [45]). 

Impaired extinction of a second-order conditioned cue in 
SI mice 

Some authors have posited that anxiety disorders such 
as PTSD can be maintained by a process of second- 
order conditioning, in which previously neutral stimuli 
acquire associative strength after pairing with trauma 
reminders and then act as additional stimuli maintaining 
fear [46]. It is not known, however, whether individuals 
or populations differ in the ability to acquire and ex- 
tinguish second-order conditioned fear memories. We 
therefore tested for this in the SI and B6 mouse strains, 
using procedures previously described in rats [33,34]. 

Results for SI mice are shown in Figure 4B. During 
conditioning to CS1, there was a significant increase in 
freezing across trials regardless of group assignment 
(Fl, 13 = 76.29, P<.01). On the second-order condition- 
ing sessions, freezing to CS2 increased in the CS2-CS1 
paired group across trials, but was negligible in the 
group presented with the CS2 alone (group x trial inter- 
action: Fl, 13 = 163.23, P < .01, followed by post hoc 
tests). During extinction training, freezing to CS2 was 
significantly higher in the CS2-CS1 than CS2-only group 
(Fl,13 = 203.55, P < .01), and did not change across trials 
in either group. Freezing was significantly higher to CS2 
in the CS2-CS1 group than the CS2-only group on the 
extinction retrieval test (t(13) = 18.61, P < .01). There 
was minimal baseline freezing across testing phases 
(Table 1). 

Results for B6 mice are shown in Figure 4C. Freezing 
significantly increased across CS1 conditioning trials 
regardless of group assignment (Fl, 13 = 74.76, P < .01). 
With second-order conditioning, freezing to CS2 in- 
creased across trials in the CS2-CS1 group but not the 
CS2-only group (group x trial interaction: Fl,13 = 30.02, 
P<.01, followed by post hoc tests). During extinction 
training, freezing significantly decreased across trials in 
the CS2-CS1 group, whereas there was virtually no 
freezing in the CS2-only group (group x trial interaction: 
Fl,13 = 72.53, P < .01, followed by post hoc tests). Freez- 
ing was significantly higher to CS2 in the CS2-CS1 than 
CS2-only group on the extinction retrieval test (t(13) = 
10.62, P < .01). There was minimal baseline freezing 
across testing phases (Table 1). 

These data show that both the SI and B6 strains ex- 
hibit robust second-order fear conditioning under a pro- 
cedure similar to those previously reported in rats [34]. 
This demonstrates that the CS1 served as a sufficient US 
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('conditioned exciter') to condition a new association 
with the CS2 that had no direct connection with 
footshock [33]. The conditioned response to CS2 suc- 
cessfully underwent extinction in B6 mice but, remark- 
ably, could not be extinguished in SI mice. As far as we 
are aware, this is some of the first evidence that an 
extinction-impaired population that also has a major 
deficit in extinguishing fear to stimuli only indirectly as- 
sociated with the initial conditioning event. From a clin- 
ical perspective, these results suggest that post-trauma 
anxiety in certain at-risk individuals may be maintained 
by impaired extinction of second-order conditioned 
stimuli, and that it may be important to extinguish these 
stimuli in order to produce a fully effective therapeutic 
effect of extinction-based procedures such as exposure 
therapy. As such, it will be of great interest to elucidate 
the neurobiological basis of this form of extinction, and 
to determine to what degree it shares or differs from 
extinction of first-order conditioned stimuli. Studies are 
planned to investigate this further. 

Further work is also needed to establish what abnormal 
learning processes underlie failed extinction of second- 
order conditioned stimuli. In one scheme, conditioning to 
CS1 might render SI mice more attentive to the CS2-CS1 
pairing during second-order conditioning, resulting in 
stronger learning of a CS2-CS1 association and subse- 
quently poor extinction. One way to probe over- attention 
to the CS2 could be to test SI mice for a deficit in the abil- 
ity of prior conditioning to one CS to block conditioning 
to a second CS that is paired with the same US [47,48]. 
Alternatively, the SI strain may have had a deficit in 
learning the conditioned inhibitor properties of the CS2 - 
i.e., learning that this stimulus is associated with the 
absence of an aversive outcome. This could also be more 
formally tested, for example by demonstrating that the 
presentation of the CS2 in the presence of the CS1 would 
inhibit fear to CS1 in B6 mice, but fail to do so in SI 
mice. In lieu of such an analysis, however, a prior study 
found that, in contrast to B6, SI mice fail to learn to re- 
duce fear to a CS that had previously been explicitly un- 
paired with US [18] - consistent with a disruption of 
conditioned inhibition. This suggests that the SI strain 
may have a fundamental problem with learning to sup- 
press fear that manifests under various conditions, that 
includes but is not limited to the severe deficit in fear ex- 
tinction that was initially found to characterize these mice 
[15,19]. 

Conclusions 

The current study examined the effects of manipulating 
the interval between conditioning and extinction train- 
ing, the interval between CS presentations during train- 
ing and exposure to a CS prior to training on fear 
extinction. It also examined extinction of a second-order 



conditioned fear response. Results provide further evidence 
that fear extinction is an ostensibly simple behavioral assay 
that is strongly influenced by multiple procedural variables 
and, importantly, is so in a strain-dependent manner. 
These findings in mice could have important implications 
for the application of extinction-based behavioral interven- 
tions, such as exposure therapy, for trauma-related anxiety 
disorders because it suggests that the efficacy of such inter- 
ventions will be determined both by the procedural param- 
eters employed and the clinical profile of the patient. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

KM, NW, MC, and OG-C performed experiments. NW, NS and AH designed 
experiments. All authors read and approved the final manuscript. 

Acknowledgements 

We are very grateful to Dr. Charles Pickens for valuable comments. Research 
supported by the National Institute on Alcohol Abuse and Alcoholism 
Intramural Research Program and the Austrian Science Fund (SFB F4410-B19). 

Author details 

1 Laboratory of Behavioral and Genomic Neuroscience, National Institute on 
Alcohol Abuse and Alcoholism, NIH, Bethesda, MD, USA. department of 
Pharmacology & Toxicology, Institute of Pharmacy and CMBI, University of 
Innsbruck, Innsbruck, Austria. 

Received: 3 March 2013 Accepted: 23 May 2013 
Published: 5 July 2013 

References 

1. Pavlov IP: Conditioned reflexes. London: Oxford University Press; 1927. 

2. Milad MR, Pitman RK, Ellis CB, Gold AL, Shin LM, Lasko NB, Zeidan MA, 
Handwerger K, Orr SP, Rauch SL: Neurobiological basis of failure to recall 
extinction memory in posttraumatic stress disorder. Biol Psychiatry 2009, 
66:1075-1082. 

3. Holt DJ, Lebron-Milad K, Milad MR, Rauch SL, Pitman RK, Orr SP, Cassidy BS, 
Walsh JP, Goff DC: Extinction memory is impaired in schizophrenia. 

Biol Psychiatry 2009, 65:455-463. 

4. Quirk GJ, Mueller D: Neural mechanisms of extinction learning and 
retrieval. Neuropsychopharmacology 2008, 33:56-72. 

5. Herry C, Ferraguti F, Singewald N, Letzkus JJ, Ehrlich I, Luthi A: Neuronal 
circuits of fear extinction. Eur J Neurosci 2010, 31:599-612. 

6. Myers KM, Davis M: Mechanisms of fear extinction. Mol Psychiatry 2007, 
12:120-150. 

7. Holmes A, Quirk GJ: Pharmacological facilitation of fear extinction and 
the search for adjunct treatments for anxiety disorders-the case of 
yohimbine. Trends Pharmacol Sci 2010, 31:2-7. 

8. Graham BM, Langton JM, Richardson R: Pharmacological enhancement of 
fear reduction: preclinical models. Br J Pharmacol 201 1, 164:1230-1247. 

9. Caspi A, Hariri AR, Holmes A, Uher R, Moffitt TE: Genetic sensitivity to the 
environment: the case of the serotonin transporter gene and its 
implications for studying complex diseases and traits. Am J Psychiatry 
2010, 167:509-527. 

10. Skelton K, Ressler KJ, Norrholm SD, Jovanovic T, Bradley-Davino B: PTSD and 
gene variants: new pathways and new thinking. Neuropharmacology 
2012, 62:628-637. 

1 1 . Muigg P, Hetzenauer A, Hauer G, Hauschild M, Gaburro S, Frank E, Landgraf R, 
Singewald N: Impaired extinction of learned fear in rats selectively bred for 
high anxiety-evidence of altered neuronal processing in prefrontal- 
amygdala pathways. Eur J Neurosci 2008, 28:2299-2309. 

12. Burgos-Robles A, Vidal-Gonzalez I, Quirk GJ: Sustained conditioned 
responses in prelimbic prefrontal neurons are correlated with fear 
expression and extinction failure. J Neurosci 2009, 29:8474-8482. 



MacPherson et al. Biology of Mood & Anxiety Disorders 201 3, 3:1 3 
http://www.biolmoodanxietydisord.eom/content/3/1/13 



Page 11 of 1 1 



1 3. Duvarci S, Bauer EP, Pare D: The bed nucleus of the stria terminalis 
mediates inter-individual variations in anxiety and fear. J Neurosci 2009, 
29:10357-10361. 

14. Holmes A, Singewald N: Individual differences in recovery from traumatic 
fear. Trends Neurosci 2013, 36:23-31. 

1 5. Hefner K, Whittle N, Juhasz J, Norcross M, Karlsson R, Saksida LM, Bussey TJ, 
Singewald N, Holmes A: Impaired fear extinction learning and 
cortico-amygdala circuit abnormalities in a common genetic mouse 
strain. J Neurosci 2008, 28:8074-8085. 

16. Camp M, Norcross M, Whittle N, Feyder M, D'Hanis W, Yilmazer-Hanke D, 
Singewald N, Holmes A: Impaired Pavlovian fear extinction is a common 
phenotype across genetic lineages of the 129 inbred mouse strain. 
Genes Brain Behav 2009, 8:744-752. 

1 7. Whittle N, Hauschild M, Lubec G, Holmes A, Singewald N: Rescue of 
impaired fear extinction and normalization of cortico-amygdala circuit 
dysfunction in a genetic mouse model by dietary zinc restriction. 

J Neurosci 2010, 30:13586-13596. 

18. Camp MC, Macpherson KP, Lederle L, Graybeal C, Gaburro S, Debrouse LM, 
Ihne JL, Bravo JA, O'Connor RM, Ciocchi S, Wellman CL, Luthi A, Cryan JF, 
Singewald N, Holmes A: Genetic strain differences in learned fear 
inhibition associated with variation in neuroendocrine, autonomic, 
and amygdala dendritic phenotypes. Neuropsychopharmacology 2012, 
37:1534-1547. 

19. Whittle N, Schmuckermair C, Gunduz Cinar O, Hauschild M, Ferraguti F, 
Holmes A, Singewald N: Deep brain stimulation, histone deacetylase 
inhibitors and glutamatergic drugs rescue resistance to fear extinction in 
a genetic mouse model. Neuropharmacology 2013, 64:414-423. 

20. Gunduz-Cinar O, Macpherson KP, Cinar R, Gamble-George J, Sugden K, 
Williams B, Godlewski G, Ramikie TS, Gorka AX, Alapafuja SO, Nikas SP, 
Makriyannis A, Poulton R, Patel S, Hariri AR, Caspi A, Moffitt TE, Kunos G, 
Holmes A: Convergent translational evidence of a role for anandamide in 
amygdala-mediated fear extinction, threat processing and stress-reactivity. 
Mol Psychiatry 2013, 8:813-823. 

21. Quirk GJ, Pare D, Richardson R, Herry C, Monfils MH, Schiller D, Vicentic A: 
Erasing fear memories with extinction training. J Neurosci 2010, 
30:14993-14997. 

22. Orsini CA, Maren S: Neural and cellular mechanisms of fear and extinction 
memory formation. Neurosci Biobehav Rev 201 2, 36:1 773-1 802. 

23. Maren S, Chang CH: Recent fear is resistant to extinction. Proc Natl Acad 
Sci USA 2006, 103:18020-18025. 

24. Myers KM, Ressler KJ, Davis M: Different mechanisms of fear extinction 
dependent on length of time since fear acquisition. Learn Mem 2006, 
13:216-223. 

25. Chang CH, Maren S: Early extinction after fear conditioning yields a 
context-independent and short-term suppression of conditional freezing 
in rats. Learn Mem 2009, 16:62-68. 

26. Cain CK, Blouin AM, Barad M: Temporally massed CS presentations 
generate more fear extinction than spaced presentations. J Exp Psychol 
Anim Behav Process 2003, 29:323-333. 

27. Cain CK, Blouin AM, Barad M: Adrenergic transmission facilitates 
extinction of conditional fear in mice. Learn Mem 2004, 11:179-187. 

28. Plendl W, Wotjak CT: Dissociation of within- and between-session 
extinction of conditioned fear. J Neurosci 2010, 30:4990-4998. 

29. Monfils MH, Cowansage KK, Klann E, LeDoux JE: Extinction-reconsolidation 
boundaries: key to persistent attenuation of fear memories. Science 2009, 
324:951-955. 

30. Schiller D, Monfils MH, Raio CM, Johnson DC, Ledoux JE, Phelps EA: 
Preventing the return of fear in humans using reconsolidation update 
mechanisms. Nature 2009, 463:49-53. 

31. Chan WY, Leung HT, Westbrook RF, McNally GP: Effects of recent exposure 
to a conditioned stimulus on extinction of Pavlovian fear conditioning. 
Learn Mem 2010, 17:512-521. 

32. Clem RL, Huganir RL: Calcium-permeable AMPA receptor dynamics 
mediate fear memory erasure. Science 2010, 330:1 108-1 1 12. 

33. Gewirtz JC, Davis M: Using pavlovian higher-order conditioning 
paradigms to investigate the neural substrates of emotional learning 
and memory. Learn Mem 2000, 7:257-266. 

34. Parkes SL, Westbrook RF: The basolateral amygdala is critical for the 
acquisition and extinction of associations between a neutral stimulus 
and a learned danger signal but not between two neutral stimuli. 

J Neurosci 2010, 30:12608-12618. 



35. Blanchard RJ, Blanchard DC: Passive and active reactions to fear-eliciting 
stimuli. J Comp Physiol Psychol 1969, 68(1 ):1 29-1 35. 

36. Stafford JM, Maughan DK, llioi EC, Lattal KM: Exposure to a fearful context 
during periods of memory plasticity impairs extinction via hyperactivation 
of frontal-amygdalar circuits. Learn Mem 2013, 20:156-163. 

37. Hutton-Bedbrook K, McNally GP: The promises and pitfalls of 
retrieval-extinction procedures in preventing relapse to drug seeking. 
Front Psychiatry 2013, 4:14. 

38. Izquierdo I, Bevilagua LR, Rossato Jl, Bonini JS, Medina JH, Cammarota M: 
Different molecular cascades in different sites of the brain control 
memory consolidation. Trends Neurosci 2006, 29:496-505. 

39. Pickens CL, Golden SA, Adams-Deutsch T, Nair SG, Shaham Y: Long-lasting 
incubation of conditioned fear in rats. Biol Psychiatry 2009, 65:881-886. 

40. Eysenck HJ: A theory of the incubation of anxiety-fear responses. 
Behav Res Ther 1968, 6:309-321. 

41 . Eisenberg M, Kobilo T, Berman DE, Dudai Y: Stability of retrieved memory: 
inverse correlation with trace dominance. Science 2003, 301:1 102-1 104. 

42. Jacob W, Marsch R, Marsicano G, Lutz B, Wotjak CT: Cannabinoid CB1 
receptor deficiency increases contextual fear memory under highly 
aversive conditions and long-term potentiation in vivo. Neurobiol Learn 
Mem 2012, 98:47-55. 

43. Kindt M, Soeter M: Reconsolidation in a human fear conditioning study: a 
test of extinction as updating mechanism. Biol Psychol 2013, 92:43-50. 

44. Costanzi M, Cannas S, Saraulli D, Rossi-Arnaud C, Cestari V: Extinction after 
retrieval: effects on the associative and nonassociative components of 
remote contextual fear memory. Learn Mem 2013, 18:508-518. 

45. Jarome TJ, Kwapis JL, Werner CT, Parsons RG, Gafford GM, Helmstetter FJ: 
The timing of multiple retrieval events can alter GluRI phosphorylation 
and the requirement for protein synthesis in fear memory 
reconsolidation. Learn Mem 2012, 19:300-306. 

46. Wessa M, Flor H: Failure of extinction of fear responses in posttraumatic 
stress disorder: evidence from second-order conditioning. Am J Psychiatry 
2007, 164:1684-1692. 

47. Rescorla RA, Wagner AR: A theory of Pavlovian conditioning: Variations in 
the effectiveness of reinforcement and nonreinforcement. In Classical 
conditioning II. Edited by Black AH, Prokasy WF. New York: 
Appleton-Century-Crofts: 1 972:64-99. 

48. Pearce JM, Hall G: A model for Pavlovian learning: variations in the 
effectiveness of conditioned but not of unconditioned stimuli. 
Psychol Rev 1980, 87:532-552. 



doi:1 0.1 1 86/2045-5380-3-1 3 

Cite this article as: MacPherson et al:. Temporal factors in the extinction 
of fear in inbred mouse strains differing in extinction efficacy. Biology of 
Mood & Anxiety Disorders 201 3 3:1 3. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www. biomedcentra I .com/su bmit 



o 



BioMed Central 



